Abstract: Structure-based drug design utilizes apoprotein or complex structures retrieved from the PDB. >57% of crystallographic PDB entries were obtained with polyethylene glycols (PEGs) as precipitant and/or as cryoprotectant, but <6% of these report presence of individual ethyleneglycol oligomers. We report a case in which ethyleneglycol oligomers' presence in a crystal structure markedly affected the bound ligand's position. Specifically, we compared the positions of methylene blue and decamethonium in acetylcholinesterase complexes obtained using isomorphous crystals precipitated with PEG200 or ammonium sulfate. The ligands' positions within the active-site gorge in complexes obtained using PEG200 are influenced by presence of ethyleneglycol oligomers in both cases bound to W84 at the gorge's bottom, preventing interaction of the ligand's proximal quaternary group with its indole. Consequently, both ligands are~3.0Å further up the gorge than in complexes obtained using crystals precipitated with ammonium sulfate, in which the quaternary groups make direct p-cation interactions with the indole. These findings have implications for structure-based drug design, since data for ligand-protein complexes with polyethylene glycol as precipitant may not reflect the ligand's position in its absence, and could result in selecting incorAbbreviations: Ab, amyloid beta; ACh, acetylcholine; AChE, acetylcholinesterase; AS, ammonium sulfate; CAS, catalytic "anionic" subsite; DECA, decamethonium; DSC, differential scanning calorimetry; MB, methylene blue; MES, 2-(N-morpholino)ethanesulfonic acid; PAS, peripheral anionic site; PDB, Protein Data Bank; TcAChE, Torpedo californica acetylcholinesterase; RMSD, root mean square deviation.
Introduction
Structure-based drug design utilizes experimental 3D structures of apoproteins, or of appropriate complexes, that are usually retrieved from the PDB. Over 57% of the crystal structures in the PDB were obtained utilizing polyethylene glycols as precipitants. This is because they frequently yield successful "hits" and, at the same time, serve as effective cryoprotectants when X-ray data collection is performed at cryogenic temperatures. However, in less than 6% of these structures is the presence of individual ethylene glycol oligomers reported. In the following, we describe a case in which the presence of such oligomers in a crystal structure markedly affected the position of the bound ligand, and discuss the implications for structure-based drug design.
The synaptic enzyme, acetylcholinesterase (AChE), is an important target for drug design. AChE inhibitors are employed in the treatment of myasthenia gravis and other neuromuscular diseases 1 ; the first generation of drugs for the management of Alzheimer's disease are also AChE inhibitors. 2 Furthermore, AChE is the principal target of nerve agents and of many insecticides. 3, 4 It has, therefore, been the subject of numerous studies that have used computational techniques and docking protocols to discover novel lead compounds that will show promise in various pharmacological/toxicological contexts, including management of Alzheimer's disease, development of countermeasures against organophosphate nerve agents, and design and synthesis of novel pesticides.
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The 3D crystal structure of AChE reveals that the active site of this unusually rapid serine hydrolase resides near the bottom of a deep and narrow cavity, which we named the active-site gorge, whose walls are lined by 14 highly conserved aromatic residues. 9 Figure 1(A) shows a cross-section through the gorge for Torpedo californica (Tc) AChE, which runs down the axis between two subdomains. 10 Highlighted are several of the conserved aromatic residues: Trp279, in the peripheral anionic site (PAS) at the top of the gorge; Tyr121, mid-way down the gorge, and Trp84, the principal element of the catalytic "anionic" subsite (CAS), near the bottom. Also shown are two members of the catalytic triad, Ser200 and His440. We, and others, have solved and analyzed the 3D structures of many complexes and conjugates of AChE, including Torpedo californica (Tc) AChE, 11, 12 mouse, [13] [14] [15] [16] human, 12, [17] [18] [19] and Drosophila melanogaster AChE. 20 Structure-based drug design utilizes docking algorithms to study how a potential lead compound interacts with a target such as an enzyme or a drug receptor, 21, 22 making use of 3D crystal or NMR structures deposited in the PDB, which serve as templates. The unique shape and characteristics of AChE's active-site gorge make it a challenging target for drug design. Some AChE inhibitors interact preferentially with the catalytic site and/or with the CAS, at the bottom of the gorge, others with the PAS, and still others span the two sites. The fact that much of the surface of the gorge is lined by the rings of the 14 conserved aromatic residues, which interact with the substrate, acetylcholine (ACh), via p-cation interactions, 9, 23 and with a variety of inhibitors via p-cation and/or p-p stacking interactions, 2 makes it an unusual target for application of docking algorithms. The suggestion that the PAS may accelerate aggregation of the Ab peptide to amyloid fibers 24 led to the design and synthesis of bifunctional ligands intended to fulfill a dual role in the management of Alzheimer's disease by both reducing ACh hydrolysis via blocking of the CAS, and retarding amyloid deposition by blocking the PAS. 25, 26 An extension of this approach resulted in the design of gorge-spanning inhibitors in which the moiety interacting at the PAS could also interact with other targets. 7, 8 An interesting example of such a multifunctional drug is ladostigil (TV3326), a dual inhibitor of AChE and monoamine oxidase, 27 designed as a possible treatment for Alzheimer's disease. A detailed comparison of the crystal structures of native TcAChE, and of four complexes, identified over 20 waters within the active-site gorge of the native enzyme, many of which are retained in the 3D structures of the complexes. 28 Furthermore, in certain crystal structures of complexes for which the native crystals have been generated using polyethylene glycol as the precipitant, ethylene glycol oligomers can be seen within the gorge. For example, in the galanthamine/TcAChE complex, an ethylene glycol tetramer is seen, stacked above the galanthamine at the top of the gorge [ Fig. 1(B) ]. 29 We subsequently showed, using PEG-SH-350, which consists mainly of an ethylene glycol heptamer with a terminal thiol group (thioPEG), that a thioPEG/TcAChE complex could be obtained in which a single molecule of the ligand spanned the gorge. 30 The thioPEG oligomer makes C2H. . .p interactions with the indole ring of conserved Trp84, which structurally mimic the p-cation interaction made by the quaternary group of the substrate, acetylcholine (ACh), with that residue.
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The photosensitizer methylene blue (MB; Fig. 2 ) is a strong reversible inhibitor of AChE in the absence of illumination. [31] [32] [33] Under illumination, TcAChE undergoes irreversible inactivation, primarily due to photo-oxidation of two conserved tryptophans-Trp84, in the CAS, and Trp279, in the PAS. 34 Crystals of a MB/TcAChE complex were obtained by soaking the ligand into native crystals obtained using PEG200 as the precipitant, and the 3D structure of the complex was obtained at 2.4 Å . 35 In this complex (PDB Access Code: 2W9I), the MB molecule is stacked against the indole ring of W279, with its proximal dimethylamino moiety pointing down the gorge toward the active site, but clearly not within bonding distance of the indole ring of Trp84.
A theoretical study aimed at identifying ligands binding selectively to the PAS utilized AutoDock 4.2 and AutoDock Vina to screen for such ligands. 36 While some ligands docked in poses closely resembling the position of the ligand in the crystal structures of complexes with TcAChE, others displayed poor overlap, notably MB.
In various crystal structures that we have reported of complexes of TcAChE with ligands bearing a charged nitrogen atom, a cation-p interaction was observed between the nitrogen atom and the Figure 1 . A. Ribbon representation of the crystal structure of TcAChE showing its two subdomains (residues 4-305, purple, and residues 306-535, red). The entrance to the active-site gorge, located between the two subdomains, is marked by an arrow. Ser200 and His440, within the catalytic triad, Trp84, in the "anionic" subsite, Tyr121, in the middle of the gorge, and Trp279, in the peripheral anionic site (PAS) at the top of the gorge, are shown as stick models, with carbon atoms colored yellow; B. Close-up of the active-site gorge taken from the crystal structure of the galanthamine/TcAChE complex [PDB code 1DX6]. 29 The protein backbone and the individual residues are colored as in (A). The galanthamine is shown in space-filling format in green, and above it an ethylene glycol tetramer in magenta. indole ring of Trps84 in the CAS. 23, 37 The discrepancy between these data and the positioning of the MB in the MB/TcAChE complex led us to consider the possibility that the precipitant employed for crystallization, namely PEG200, was affecting the position of the MB within the gorge. Such an effect could, in principle, invalidate structure-based drug design that utilized the crystal structure as the docking template, since it might not faithfully replicate the situation in solution.
We considered, therefore, that it would be of interest to generate an MB/TcAChE complex devoid of PEG200 by producing crystals using ammonium sulfate ([NH 4 ] 2 SO 4 ; AS) as the precipitant. This would permit comparison of the MB/TcAChE crystal structure thus obtained with that obtained in the presence of PEG200. In parallel, we compared the effects of AS and PEG200 on the activity of TcAChE, and on its inhibition by MB, and performed spectroscopic and calorimetric comparisons of the interaction of MB with TcAChE in the presence of the two precipitants. Finally, we used a docking protocol to compare the effects of the two precipitants on docking of MB into the TcAChE protein template.
Results

Structural studies
For our comparative structural analysis we used the crystal structures of the MB/TcAChE and DECA/ TcAChE complexes obtained in the presence of PEG200 and of AS. We earlier showed that trigonal crystals of TcAChE obtained using either AS or PEG200 as the precipitant are isomorphous. 9, 38 In the current study, the procedure that we developed to obtain trigonal crystals with AS as precipitant required addition of 20 mM decamethonium bromide (DECA; Fig. 2 ) to the precipitation medium, resulting in crystals of the DECA-AS/TcAChE complex (see Materials and Methods). To obtain crystals of the MB-AS/TcAChE complex, the DECA in the trigonal crystals was subsequently displaced by MB. The DECA molecule in the DECA-AS/TcAChE structure is aligned along the axis of the active-site gorge, spanning the CAS and the PAS, as earlier reported. 37 The ligand makes nonbonded interactions with six of the conserved aromatic residues that line the gorge surface, namely, Tyr70, Trp84, Tyr121, Trp279, Phe330, and Phe331 [ Fig. 3 To assess the effect of PEG200, employed as the precipitant, on the positioning of MB within the gorge, we determined the structure of the MB-AS/ TcAChE complex obtained using crystals grown from AS [ Fig. 4(C) ], and reevaluated the previously published structure of TcAChE obtained in the presence of PEG200 [PDB code: 2W9I]. 35 The revised and rerefined MB-PEG/TcAChE structure has been deposited as PDB code 5E4T. On careful examination of the electron density maps of the 2W9I structure, we detected 9 EDO (ethylene glycol) molecules, 12 PEG dimers (PEG in PDB nomenclature), and 5 PEG trimers (PGE in PDB nomenclature), none of which had previously been assigned. Most of these molecules are on the protein surface (not shown). However, one trimer nests against MB at the top of the active-site gorge, a dimer is positioned midway down the gorge, and a second trimer is located at the bottom of the gorge, between the proximal dimethylamino moiety of MB and the indole ring of Trp84 
Spectroscopic measurements
We earlier showed that binding of MB to TcAChE produces a bathochromic shift in its spectrum from $663 nm to $683 nm. 35 . However, in the presence of PEG200, the bathochromic shift is substantially reduced, from $683 to $674 nm [ Fig. 7(B,C) ]. This is apparently a consequence of the fact that in the presence of PEG200 the MB is shifted $3.0 Å up the gorge (Table I) 
Calorimetric measurements
The thermal denaturation of the MB/TcAChE complex, like that of native TcAChE, gives rise to well defined DSC transitions (Fig. 8 ). As in our earlier studies, 35, [39] [40] [41] Figure 8 , and presented in Table II . It is seen that a good approximation was achieved. Furthermore, no dependence of the shape of DSC contours on the protein concentration was observed within the range of 0.3-1.7 mg/mL. Thus, the denaturation of TcAChE and its complexes is a first-order reaction. We can analyze this process in the thermodynamic form of the rate equation obtained from conventional transition state theory, 44 which assumes that a special type of equilibrium exists between reactants and activated complexes (see Materials and Methods). Although this formalism can only be applied rigorously to simple molecules in the gas phase, it has nevertheless been useful in studying macromolecular phase transitions. In the present study, it was used to extract effective values of thermodynamic parameters for the stabilization (destabilization) of the TcAChE molecule by different additives. The values thus obtained from analysis of the calorimetric data are presented in Figure 9 .
Kinetics
TcAChE was preincubated with diethylene glycol (PEG), at 1-11% w/v (equivalent to $0.1-1.1 M), for 5 min at 258C, in 50 mM sodium phosphate, pH 8.0.
Residual activity was then determined by adding acetylthiocholine, and monitoring activity by the Ellman protocol. 45 Using a Lineweaver-Burk plot, a K i of 0.17 6 0.03 M (n 5 3) was determined. The inhibition pattern is consistent with PEG serving as a competitive inhibitor.
Docking studies
Wildman and coworkers 36 used both AutoDock 4.2 46 and AutoDock Vina 47 to dock a number of AChE inhibitors, including MB, into the crystal structures of TcAChE and human AChE. They assessed their results in terms of the degree of overlap of the position of the ligand in the docked structures with its position in the experimentally determined crystal structure using the ROCS program. 48 For several docked ligands they reported overlap values of 80% and better using AutoDock Vina, but obtained a much lower value of only $56% for MB. Using AutoDock 4.2, lower overlaps for most ligands were reported; specifically, that for MB decreased to 42.5%. The docking protocol employed by Wildman et al. 36 utilized as the docking template the crystal structures of the complexes from which the complexed ligand had been removed. In the case of MB this would be the 2W9I structure, but without the ethylene glycol oligomers whose presence in the active-site gorge we described above, and without the water molecules. We conjectured that the poor overlap of the docked MB with the MB in the crystal structure might be a consequence of the fact that they were docking the ligand into the "naked" protein template, devoid of the ethylene glycol oligomers that we now know to be present, and of the waters in the gorge. We thought, therefore, that it would be of interest to perform the docking of MB both into the 2W9I protein template, as Wildman et al. 36 had done, but also into the same template, but including the ethylene glycol oligomers and/or the gorge waters (PDB code 5E4T). As an additional control, we docked MB into the protein template of the MB/TcAChE complex obtained using AS the precipitant (PDB code 5DLP).
For our docking trials, we used the Glide-XP docking program. Glide has been demonstrated to be a very accurate docking tool for ligand-protein binding studies. [49] [50] [51] [52] Glide-XP offers the additional advantage that it incorporates p-p and p-cation interactions into its energy force field 49 ; this renders it particularly suitable for docking ligands into the active-site gorge of AChE, which is coated with the rings of multiple conserved aromatic residues. The target TcAChE structures used were:
1. The MB-PEG/TcAChE complex obtained using crystals formed using PEG200 as the precipitant [PDB-IDcode: 5E4T], with the three ethylene glycol oligomers retained in the gorge, and MB removed. 2. The MB-PEG/TcAChE complex obtained using crystals formed using PEG200 as the precipitant [PDB-IDcode: 5E4T], with both the MB and all the water molecules removed. 3. The MB-PEG/TcAChE complex obtained using crystals formed using PEG200 as the precipitant [PDB-IDcode: 5E4T], with the MB and the ethylene glycol oligomers in the gorge removed. 4. The MB/TcAChE complex obtained using crystals formed using PEG200 as the precipitant [PDBIDcode: 5E4T], with the MB and the ethylene glycol oligomers in the gorge removed, as well as all the waters. 5. The MB-AS/TcAChE complex obtained using crystals formed using AS as the precipitant [PDB-5DLP], with the MB removed.
Docking of MB into the X-ray structure obtained using crystals grown from PEG200, namely, MB-PEG/TcAChE, yields a pose that closely resembles the position of the ligand in the crystal structure [RMSD 0.58 Å ; see Table III TcAChE from which the MB, the two ethylene glycol trimers, the ethylene glycol dimer in the gorge, and all waters, had been removed) is compared to the experimentally observed MB-AS/TcAChE structure. It can be seen that it is very close to the experimental structure, with an RMSD of 1.06 Å between the two (Table III) .
PDB data mining
Of the 101,330 crystal structures in the PDB (as of November 17, 2015), 58,104 (i.e., 57%) reported polyethylene glycols of various compositions (see Materials and Methods) in the crystallization conditions. In only 3006 of these, that is, 5.2%, were coordinates for one or more ethylene glycol oligomers modeled in the entry. We additionally found 293 PDB entries in which ethylene glycol oligomers were modeled, without mention of "PEG" in the crystallization conditions. About half of these (152) had no description of any compounds used for crystallization, nine entries had ambiguous crystallization conditions that could only be understood from the related publication, and six entries had misspellings of "PEG" that caused the data mining to fail (these were reported to the PDB so that they can be corrected). The remaining 126 entries had several compounds described in the crystallization conditions, but no polyethylene glycols or ethylene glycol oligomers of any kind. Notably, in nine of these entries Jeffamine 53 was included in the crystallization conditions. It is not unlikely that some of the modeled ethylene glycol oligomers were the result of misidentification of Jeffamine molecules. The omission of ethylene glycol oligomers in the crystallization conditions might have resulted from oversights or from incomplete description of the experimental conditions; but ethylene glycol oligomers might also have been introduced as a cryo-protectant or as a pollutant (e.g., as a result of dialysis).
Discussion
Structure-based drug design utilizes docking algorithms to study how a potential lead compound interacts with a target such as an enzyme or a drug receptor. 21, 22, 54 Such docking algorithms make use of 3D crystal or NMR protein structures that serve as templates. For over two decades they have been widely employed tools in drug design. When structure-based drug design uses as reference points one or more complexes of compounds of interest with the target protein, it has the potential to generate more authoritative data. 55 Docking programs have become increasingly sophisticated, taking into account, for example, flexibility of both the target protein and the ligand. 56 Attention has also been paid to binding sites for water 57 and organic solvents. 58 But, in general, such studies are focused on the identification of such binding sites, and on the energetics of desolvation associated with the displacement of the solvent that occurs on binding of a ligand. Our studies on a large repertoire of complexes and conjugates of TcAChE have led us to realize that often, although binding of a ligand within the active-site gorge certainly displaces some water molecules, other water molecules remain tightly associated with the walls of the gorge, and may actually bridge between the protein and the ligand. 11, 20, 28, 59, 60 Thus, in a sense, they may be regarded as an element of the protein template to which the ligand binds. In recent years, most of the TcAChE complexes whose structures we solved were obtained by soaking the ligand into crystals obtained using various polyethylene glycols as precipitants. 29, [61] [62] [63] As already mentioned in the Introduction, polyethylene glycols are amongst the mostly widely used precipitants for obtaining protein crystals, and in many datasets deposited in the PDB, ethylene glycol oligomers bound at specific loci can be assigned. We thus realized that ethylene glycol oligomers might penetrate the active-site gorge of AChE. Indeed, in one case, that of the galanthamine/TcAChE complex, we identified an ethylene glycol tetramer nesting above the bound ligand, near the top of the gorge. 29 Subsequently, we solved the crystal structure of the complex with TcAChE of an ethylene glycol oligomer (primarily heptameric) bearing a terminal thiol group, and showed that it interacts specifically with the indole of Trp84, in the CAS, via C . . .
H-p interactions that structurally mimic the cation-p interactions made by the choline moiety of Ach. 30 In the present study, the ethylene glycol oligomers identified at the bottom of the gorge in the MB-PEG/TcAChE and DECA-PEG/TcAChE complexes overlap well with the proximal segment of the thioPEG heptamer (Fig. 6 ). It is, thus, plausible that they interact with Trp84 via C . . .
H-p interactions similar to those made by the thiol-containing heptamer.
Under Results we reported an inhibition constant of 0.17 M for diethylene glycol (PEG in PDB nomenclature). A similar value might be expected for PEG200, which is, on the average, a tetramer. Under Materials and Methods it can be seen that 20 mM MB and 2.5 mM DECA were soaked into the TcAChE crystals precipitated from 46%(v/v) PEG200 to obtain the corresponding MB-PEG/TcAChE and DECA-PEG/TcAChE complexes. We have reported K i values toward TcAChE of 0.3 lM for DECA 64 and 40 nM for MB. 35 If simple competition were to occur, the concentrations of the two ligands employed should have sufficed to displace the ethylene glycol oligomers from the bottom of the gorge. It is possible, however, that a cooperative interaction occurs between the bound ligands, the ethylene glycol oligomer, and the protein.
One puzzling aspect of our earlier study on the MB/TcAChE complex 35 was the observation that neither a ligand specific for the CAS alone, nor one specific for the PAS alone, could completely displace MB from the active-site gorge. We conjectured that when edrophonium, specific for the CAS, displaces MB, the MB, rather than exiting the gorge, remains stacked against Trp279, adopting an altered alignment from which it can only be completely displaced by a PAS-specific ligand, such as propidium. The crystallographic data in the present study indeed Figure 9 . Variations in the thermodynamic functions of TcAChE (open symbols) and of the MB/TcAChE complex (closed symbols) in 100 mM NaCl/10 mM HEPES, pH 7.5 (circles), in the same buffer with 10% PEG200 (squares), and in the same buffer containing 10% AS (triangles). The data presented in Table II and Figs. 8 and 9 show that whereas addition of AS to a native TcAChE solution increases its thermal stability (Gibbs energy of activation -DG # ), PEG200 has no effect. However, for the MB/TcAChE complex, which displays overall increased stability relative to native TcAChE, 35 while addition of AS increases stability, as for the native enzyme, PEG200 actually decreases stability. show that MB, initially bound to Trp84, can realign further up the gorge in the presence of PEG200, rather than being expelled. That a similar change occurs also in solution is indicated by the spectroscopic data (Fig. 7) . Titration of MB with TcAChE in the presence of AS produces a bathochromic shift similar to that observed in its absence. But titration in the presence of PEG200 produces a substantially smaller shift. This can be ascribed to a different mode of interaction of the MB moiety with Trp279. Thus, in the MB-AS/TcAChE crystal structure, the distal dimethylamino group makes a p-cation interaction with the six-membered ring of the indole moiety of Trp279, whereas in the MB-PEG/TcAChE structure there is greater overlap; as a consequence, it makes a p-cation interaction with the fivemembered ring of the indole group, and there is a pp interaction between the distal six-membered ring of the MB and the six-membered ring of the indole. Our calorimetric studies showed that, whereas PEG200 does not affect the thermal stability of TcAChE, AS increases it substantially (Table II and Figs. 8 and 9), as might be predicted. 65 However, whereas AS also increases the thermal stability of the MB/TcAChE complex, PEG200 actually decreases it. The decrease in stability produced by PEG200 may, at least in part, be ascribed to breaking of the p-cation bond between MB and Trp84. It is of interest that in all the datasets that we have collected using crystals obtained with AS as the precipitant, we have never observed sulfate ions in the active-site gorge. Moreover, we have never seen any evidence for the presence of metal cations within the gorge, even though they are frequently components of the precipitant solution. This is in keeping with our conjecture that the active-site gorge is designed to facilitate penetration of quaternary ligands down a potential gradient toward the active site, 66 while excluding tightly solvated metal cations. 67 As already mentioned, AutoDock 4.2 and AutoDock Vina were employed in a study concerned with discovery of drug-like leads for AChE. 36 Poor overlap of the docked structure and the crystal structure was seen for MB docked to TcAChE using AutoDock Vina (55.9%), and even poorer overlap was obtained using Autodock 4.2 (42.5%). We, too, obtained poor scores for docking MB into TcAChE, whether with AutoDock 4.2 or with AutoDock Vina. As described above, when we carefully reexamined the electron density maps for the MB-PEG/ TcAChE complex, obtained using PEG200 as the precipitant, we observed three regions of electron density within the active-site gorge that could be fitted well as ethylene glycol oligomers. When we determined the structure of the MB-AS/TcAChE complex obtained using AS as the precipitant, we found that the MB was positioned further down the gorge, much closer to Trp84. We also solved the structures of complexes of TcAChE with DECA using crystals precipitated with PEG200 (DECA-PEG/TcAChE) or with AS (DECA-AS/TcAChE); here, too, we found that in the absence of ethylene glycol oligomers the ligand was positioned further down the gorge.
The active-site gorge of TcAChE (and of other AChEs) is lined with 14 conserved aromatic amino acids, most of which are crucially involved in the interactions with ACh itself and with inhibitors. Glide-XP incorporates p-p and p-cation interactions Figure 10 . Overlays of docked MB/TcAChE complexes obtained using Glide XP and the corresponding experimental crystal structures. A. Overlay of MB docked into the crystal structure of MB-PEG/TcAChE [PDB-ID 5E4T] from which the MB had been removed prior to docking, and the experimental MB-PEG/TcAChE crystal structure; B. As in (A), but both the MB and all the waters were removed prior to docking; C. As in (A), but both the MB and all three ethylene glycol oligomers were removed prior to docking. H 2 O-2007 is represented by a magenta sphere; D. As in (A), but the MB, all the waters, and all three ethylene glycol oligomers were removed prior to docking; E. MB was docked into the crystal structure of MB-AS/TcAChE [PDB-ID 5DLP] from which the MB and all the waters had been removed prior to docking. F. The docking of MB shown in D is compared to the experimentally observed MB-AS/TcAChE structure. The experimental MB in each structure is depicted as sticks with the carbon atoms colored purple, while the docked structures are shown as sticks with the carbon atoms colored green. ethylene glycol oligomers are shown in blue, and two key residues, namely, Trp84 and Trp279, are shown with carbon atoms in yellow, oxygen atoms in red, and nitrogens in blue. in its energy force field. 49 We therefore utilized it to redock MB both into the crystal structures of MB-PEG/TcAChE and of MB-AS/TcAChE. In both cases, docking generated poses closely resembling the position of the ligand in the crystal structure, with RMSD values of 0.58 Å and 0.98 Å , respectively (Table III) . If all the waters were removed from the MB-PEG/TcAChE structure, the pose of the docked ligand was virtually identical to that obtained with the waters present [compare Fig 10(A,B) ; see also Table III] . If, however, the ethylene glycol oligomers were omitted from the MB-PEG/TcAChE structure, but the waters were retained, the pose of the docked MB was about midway between those seen in the MB-PEG/TcAChE and in the MB-AS/TcAChE [ Fig  10(C) , Table III ]. When all the waters and the ethylene glycol oligomers were omitted from the MB-PEG/TcAChE, the pose of the docked MB was very close to that seen both for the experimental the MB-AS/TcAChE crystal structure and for MB docked into of MB-AS/TcAChE [ Fig. 10 (D-F), Table III ]. We were initially puzzled by why removal of just the waters hardly affected docking, whereas their presence when the ethylene glycol oligomers were removed had a significant affect. It turned out that one water, that is, H 2 O-2007 in MB-PEG/TcAChE, blocks the movement of the MB to the bottom of the gorge, even when the ethylene glycol trimer at the bottom of the gorge is absent. This water makes Hbonds with two residues, Asp-72 and Ser-81. We earlier examined the waters present in the active-site gorge in five crystal structures of TcAChE 28 ; this water is conserved in all five structures, corresponding to H 2 O-696 in the 2ACE apo TcAChE structure and H 2 O-675 in the 1EA5, which is the highest resolution structure of apo TcAChE. 68 In the MB-AS/ TcAChE structure, H 2 O-603 is located at virtually the identical site to the homologous water in the other structures. Docking with Glide into the structure the MB-AS/TcAChE structure from which MB had been removed but all the waters had been retained, or just H 2 O-603, produced poses in which the MB went down to the bottom of the gorge, juxtaposed to Trp-84, but aligned with the six-member ring of the indole rather than the five-member ring, thus avoiding H 2 O-603 (not shown). We conjecture that this movement was permissible since there are significantly fewer waters observed in the MB-AS/ TcAChE structure than in the MB-PEG/TcAChE structure. It should be noted that both in the DECA-PEG/TcAChE [5E2I] and the DECA-AS/TcAChE [5E4J] structures the same conserved water is seen, as H 2 O-2026 and H 2 O-2016, respectively. Table I shows that whereas MB makes its closest contact with CD1 of Trp84 in the MB-AS/ TcAChE structure, DECA makes its closest contact with CE3 in the DECA-AS/TcAChE structure. Figure 11 clarifies this observation. Whereas MB, which is a rigid molecule, is tethered at its upper extremity by a p-cation interaction with the six-membered ring of the indole of Trp279, which allows it to reach down only as far as the five-membered ring of the indole of Trp84, DECA, which is both longer and more flexible, aligns along the surface of the indole of Trp84, and its quaternary group makes a p-cation interaction with the more distal five-membered ring of the indole moiety.
Our findings clearly show that it is crucial, when seeking possible lead compounds using docking to an experimental crystal structure, to know the crystallization conditions employed. Furthermore, the conditions required to crystallize a protein may not be the same as those employed in the biological assay. These may affect the reliability of the rationalization and prediction of structural-activity relationship from protein-ligand complexes. The influence of the crystallization conditions is usually not considered in rational drug design, but our observations clearly highlight its importance. In the case of the MB-PEG/TcAChE complex, the three ethylene glycol oligomers present in the active-site gorge, which were not initially assigned, 35 indeed induce a substantial change in the position of the MB molecule relative to its position in the MB-PEG/ TcAChE complex, and the same is true for the corresponding pair of DECA/TcAChE complexes. The spectroscopic studies provide direct evidence that in solution the location of the MB within the gorge is affected by PEG200, but not by AS.
As mentioned in the Introduction, polyethylene glycols are widely employed as precipitants for protein crystallization, and over 3000 crystal structures have been deposited in the PDB in which one or Figure 11 . Interactions of MB and DECA with the indole moiety of Trp84 in their complexes with TcAChE in crystals obtained using AS as the precipitant. The indole of Trp84 is displayed in space-filling mode, with carbon atoms colored yellow. MB and DECA are depicted as stick models, with their carbon atoms in cyan and magenta, respectively. Whereas the proximal quaternary group of MB in MB-AS/ TcAChE interacts with the five-membered ring of the indole, in the DECA-AS/TcAChE structure, the DECA extends further, such that its proximal quaternary group interacts with the indole's six-membered ring.
more ethylene glycol oligomers have been identified. Many proteins display shallow and exposed ligandbinding sites. Although AChE displays unique characteristics in terms of its long and narrow active-site gorge, with its predominantly aromatic coating, many other proteins display structural elements in which precipitants, such as ethylene glycol oligomers, might lodge, as we have shown to be the case for AChE. Thus, molecular tunnels or channels are seen in such diverse enzymes as tryptophan synthase 69 and catalase. 70 Both the inner and outer vestibules of ion and voltage-gated channels, 71, 72 as well as the crevices around the pores of potassium and sodium channels, 71,73 might also be occupied by ethylene glycol oligomers, or by other precipitants, in place of, or alongside, channel blockers, or functional activators and inhibitors.
It is plausible that in other cases, too, the failure to take into account the presence of ethylene glycol oligomers in a binding site within a crystal structure will result in assignment of incorrect poses in docking studies; this, in turn, may result in selection of incorrect lead compounds for drug discovery.
Thus, provision of a more complete and accurate description of the crystallization conditions, and careful assignment of solvent molecules, whether waters, ethylene glycol oligomers or other species, is crucial for users of the PDB. We, therefore, encourage both the PDB and the depositors of structures to ensure that these descriptions are indeed as complete and accurate as possible.
Materials and Methods
Materials
TcAChE was the dimeric (G 2 ) glycosylphosphatidylinositol-anchored form from T californica electric organ tissue, purified by affinity chromatography subsequent to solubilization with phosphatidylinositolspecific phospholipase C, 40 as described earlier. 0 -dithiobis-(2-nitrobenzoic acid) (DTNB), decamethonium bromide (DECA), sodium azide, diethyleneglycol, 2-(N-morpholino)ethanesulfonic acid (MES), paraoxon, ammonium sulfate (AS), and bovine serum albumin were purchased from Sigma (St. Louis, MO). PEG200 was purchased from Hampton Research (Aliso Viejo, CA).
Data mining of the PDB
A local copy of the PDB (retrieved on November 17, 2015) was scanned for entries that mentioned "PEG" or "polyethylene glycol" in the crystallization conditions (REMARK 280). PDB entries that had ethylene glycol oligomers modeled explicitly were retrieved by scanning the FORMUL records for mention of ethylene glycol oligomers of different sizes. In order of increasing size these were PEG, PGE, PG4, 1PE, P6G, P33, PE8, 2PE, XPE, 12P, 33O, and P3E. The returned list was supplemented by PDB entries in which polyethylene glycol was represented by two or more 1,2-ethanediol molecules (EDO in PDB nomenclature) that were covalently linked. These entries were retrieved by scanning the LINK records in the PDB. The PDB entries that had modeled ethylene glycol oligomers without any mention of "PEG" in the crystallization conditions were further investigated by manually checking the REMARK 280 records. This provided a sanity check for the automated data mining. We purposely excluded individual EDO molecules from our data scanning procedure, because they can represent breakdown products of PEG oligomers or partially disordered PEG oligomers, as well as 1,2-ethanediol added, as such, as a crystallization agent. We opted, therefore, for slightly underestimating the frequency of modeling PEG oligomers explicitly rather than (potentially severely) overestimating it.
Crystallization and production of complexes
Trigonal crystals of the MB/TcAChE complex (denoted as MB-PEG/TcAChE crystals) were obtained utilizing native crystals that formed using PEG200 as the precipitant. The native crystals were generated as described previously, using 46% PEG200 (v/v) in 100 mM NaCl/100 mM MES, pH 6.5. Crystals of the complex were then obtained by soaking crystals in 2 lL of 20 mM MB in the mother liquor for 20 h at 48C. 35 Trigonal crystals of the DECA/TcAChE complex that utilized AS as the precipitant (denoted as DECA-AS/TcAChE crystals) were obtained as follows: As for crystallization of native TcAChE using PEG200 as the precipitant, the enzyme was eluted from the affinity column using 50 mM tetramethylammonium bromide (TMA) in 100 mM NaCl/10 mM Tris, pH 8.0, and dialyzed against 100 mM NaCl/ 1 mM MES, pH 6.5. It was then concentrated to 23 mg/mL in an Amicon Ultra-4 Centrifugal Filter Unit equipped with an Ultracel-30 membrane, diluted 1:1 with 20 mM DECA in the MES buffer, and stored at 48C. Crystallization was by the hanging drop vapor diffusion method, at 48C, utilizing as the precipitant 60-69% AS/360 mM Na,K phosphate/ 100 mM Na phosphate, pH 6.1-7.1.
Trigonal crystals of the MB/TcAChE complex that utilized AS as the precipitant (denoted as MB-AS/TcAChE crystals) were obtained as follows: DECA-AS/TcAChE crystals, obtained as described above, were first washed with mother liquor to get rid of excess DECA, and then soaked in 2 lL of 2.5 mM MB in mother liquor for 20 h at 48C.
Trigonal crystals of the DECA/TcAChE complex that utilized PEG200 as the precipitant (denoted as DECA-PEG/TcAChE crystals) were obtained as follows: Crystals of the native enzyme obtained using PEG200 as the precipitant were soaked in 2 lL of 2.5 mM DECA in mother liquor for 20 h at 48C.
X-ray data collection
Information concerning data collection for four datasets is displayed in Table IV: * For crystals of the MB-PEG/TcAChE complex obtained using PEG200 as the precipitant (5E4T), data were collected earlier, "in-house," at 120 K, using as the X-ray source a RIGAKU RU-H3R running at 50 kV/100 mA with Osmic blue confocal optics, 35 that is, the same data as for 2W9I.
* For crystals of the MB-AS/TcAChE complex obtained using AS as the precipitant (5DLP), data were collected on beamline PXII of the Swiss Light Source (SLS), at Villigen, Switzerland. * For crystals of the DECA-PEG/TcAChE complex obtained using PEG200 as the precipitant (5E2I), data were collected on beamline ID14-4 of the European Synchrotron Radiation Facility (ESRF), at Grenoble, France. * For crystals of the DECA-AS/TcAChE complex obtained using AS as the precipitant (5E4J), data were collected on beamline ID23-1 at the ESRF.
Data processing
The diffraction images for the new datasets were indexed and integrated using MOSFLM 76 ; the integrated reflections were scaled using the SCALA program. 77 The data used for the 5E4T dataset were those processed earlier to obtain the 2W9I dataset. 35 Structure factor amplitudes were calculated using TRUNCATE from the CCP4 program suite. Details of data processing and refinement are displayed in Table V .
Structure determination and refinement
The structures were solved by molecular replacement with PHASER, 78 using as a starting model the previously solved trigonal crystal form of the MB/ TcAChE complex (PDB code 2W9I), excluding water molecules, carbohydrates and MB. All steps of refinement were performed with the CCP4/REFMAC program.
79
Initial 2Fo-Fc and Fo-Fc electron density maps were calculated, and the initial Fo-Fc maps were used, with the aid of the program COOT, 80 to fit MB, DECA, PEG, AS, and water molecules into positive density. PEG200 is a heterogeneous oligomer whose average molecular weight is 200. Since the molecular weight of a PEG tetramer, HO[CH 2-CH 2 O] 4 H, is 194, the average length of the species in this heterogeneous mixture thus approximates a tetramer. In the MB-PEG/TcAChE structure the ethylene glycol oligomers were modeled as monomers (EDO), dimers (PEG) and trimers (PGE), and in the DECA-PEG/TcAChE structure as dimers (PEG). For the new MB-PEG/TcAChE structure (5E4T) the original model was re-refined and rebuilt with PDB_REDO. 81 This was followed by several rounds of manual rebuilding in COOT 80 guided by validation results from WHAT_CHECK 82 and MolProbity, 83 and refinement in REFMAC 79 using the refinement parameters obtained from PDB_REDO. Refinement steps were accepted only when they produced a decrease in the R-free value. The various final TcAChE models were evaluated with PRO-CHECK. 84 Details of the refinement statistics for the crystal structures of the various complexes are shown in Table V . The coordinates of the MB-PEG/ TcAChE, MB-AS/TcAChE, DECA-PEG/TcAChE, and DECA-AS/TcAChE complexes were deposited in the Protein Data Bank under PDB codes: 5E4T, 5DLP, 5E2I, and 5E4J, respectively.
Kinetic studies
Enzymatic activity of TcAChE, and inhibition constants of precipitants and ligands, were determined colorimetrically by the Ellman procedure, using acetylthiocholine as the substrate. 45 
Spectroscopy
Spectroscopic measurements utilized a Uvikon 940 spectrophotometer (Kontron AG, Munich, Germany), and were performed in 0.1 M NaCl/10 mM sodium phosphate, pH 7.0, at room temperature.
Calorimetry
The calorimetric experiments were performed on a MicroCal MC-2D differential scanning microcalorimeter (MicroCal Inc., Northampton, MA) with cell volumes of 1.22 mL, interfaced with an IBM-compatible personal computer, as described previously. 35 Before measurement, sample and reference solutions were degassed in an evacuated chamber for 5 min at room temperature, and carefully loaded into the cells to avoid bubble formation. Exhaustive cleaning of the cells was undertaken before each experiment. An overpressure of 2 atm of dry nitrogen was maintained over the sample solutions throughout the scans to prevent any degassing during heating. A background scan collected with a buffer in both cells was subtracted from each scan. Reversibility of the thermal transition was checked by performing the scan a second time, immediately after the sample had cooled subsequent to the first scan. The experimental calorimetric traces were corrected for the effect of instrument response time. 85 The excess heat capacity functions were plotted after normalization (M 5 65,000 g/mol of monomer) and chemical baseline subtraction, using the Windows-based software package (Origin) supplied by MicroCal. As in our earlier studies on TcAChE, 35, 40, 41, 86 only one model was considered in analyzing the data. This is an irreversible, kinetically controlled two-state model in which only the native state and the final (irreversibly denatured) state are significantly populated, and conversion from the native to the denatured state is determined by a strongly temperaturedependent, first-order rate constant (k); this rate constant is given by the Arrhenius equation:
where R is the gas constant, E A is the activation energy of the denaturation process, and T* is the 43 :
where m 5 dT/dt (K/min) is the scan rate, and DH is the enthalpy difference between the denatured and native states. Thus, the thermal denaturation of TcAChE can be described by a first-order reaction. It can also be analyzed by use of the rate equation derived on the basis of conventional transition state theory. 44 According to this theory, the rate constant is given by:
where k B is the Boltzmann constant, h is the Planck constant, and DS, DH # , and DG # are, respectively, the entropy, enthalpy, and standard molar Gibbs free energy of activation.
Docking protocols
The molecular docking program, Glide (Grid-based Ligand Docking with Energetics, Schr€ odinger, LLC, New York, NY, version Maestro 10.4.018, release 2015-4), 49251 was used for docking ligands into the active-site gorge of TcAChE. For preparation of the protein structures examined, the default values for all the parameters were taken using the Protein Preparation Wizard in Schr€ odinger's Maestro suite. The procedure included: (i) addition of hydrogen atoms; (ii) assignment of atomic charges; (iii) assignment of bond orders and ionization states.
Ligand preparation of MB utilized the default values of the LigPrep module in Schr€ odinger's Maestro suite to attach the appropriate partial charges to each atom. However, so as to maintain its planarity, every atom type had to be carefully checked. In particular, the two N(CH 3 ) 2 groups had to be specifically defined as aromatic so that they would remain in the plane of the aromatic rings to which they were attached during the docking protocol.
The XP (extra precision) docking option of Glide was employed. The docking ligand was confined to a 20-Å cube centered on the center of mass of MB, but the ligand was removed prior to docking. The "rigid ligand" option was used throughout the docking procedure so as to maintain the planarity of the ligand.
